We have studied the low-temperature ( < 500 °C) growth and deposition of thin silicon oxides in an rf plasma system. Oxides were grown by plasma anodization, sputter deposition, and combinations of these two processes. The oxides were electrically characterized with highfrequency and low-frequency capacitance-voltage techniques and the quality was found to depend strongly on plasma process parameters. In particular, we found strong dependences on bias current, plasma potential, and oxygen partial pressure. Under presently optimal conditions we have fabricated oxides with oxide charge densities Qox < 1 X lOt] charges/cm2, interface state densities D.s < 2 X 1011 states/cm 2 /eV, and breakdown fields Eb > 13 MV /crn. Finally, we have studied the reduction of fast surface states in the plasma oxides by rapid thermal annealing.
Finally, we have studied the reduction of fast surface states in the plasma oxides by rapid thermal annealing.
Plasma processes have for some time been identified as a possible method for low-temperature oxide formation in metal-oxide-semiconductor (MOS) device fabrication.
The growing necessity of reducing dopant diffusion and solving such problems as bird's beak effect during gate oxide formation in today's submicron device structures is focusing stronger attention on such low-temperature techniques. Silicon oxides have been grown with plasma anodization at temperatures well below 600°C and with growth rates as high as 120 A/min, I Recently, plasma enhanced chemical vapor deposition of silicon dioxide has also been shown to yield good oxides at low « 500 ·C) temperatures. 3 ,4 Although the electrical quality of these oxides may be sufficient for use as field oxides and passivation layers, it has not been demonstrated that plasma oxides have the necessary electrical quality for use as gate insulators unless a high-temperature anneal is performed. While plasma processes have inherent bias voltages and currents which can lead to surface damage and oxide degradation during growth, we suggest that carefed optimization of the process parameters, particularly the bias voltage and bias current, can yield high quality oxides.
In this letter we report on plasma anodization and deposition experiments which have in fact improved the electrical characteristics of plasma oxides. We have also investigated the effects of rapid thermal annealing on plasma oxides, Our system consists of a conventional rf diode plasma source operated at 13.56 MHz in a high vacuum chamber with a base pressure of 1 X 10 6 Torr. Wafers are placed on a quartz shielded molybdenum heater stage. The water-cooled rf electrode and aU other exposed surfaces are covered with quartz to prevent sputtering contamination during oxide growth. Wafers are current biased via a thin contact placed between the wafer and the stage. The plasma potential is held close to ground via ground contacts with the plasma, and the wafer is biased positive with respect to ground, We can thus bias the wafers positive with respect to the plasma and pull negative ions and electrons to the silicon interface.
Siliconp-type 10 n cm (100) wafers were RCA cleaned and dipped in a 100:1 H 2 0:HF solution to etch off aU the native oxide prior to introduction into the system, Oxides were grown in Ar, O 2 , and Ar/02 plasmas. MOS capacitors were fabricated by evaporating aluminum onto the oxides.
Usually a 400 "C H2 sintering was used to remove metallization stress. We characterized the oxides by making highfrequency (l MHz) capacitance, low-frequency (quasistatic) capacitance, and breakdown measurements on these MOS capacitors, Total oxide charge densities Qox and interface state densities D" were calculated using these capacitance measurements,S Breakdown fields (Ell) were found by breaking down the oxides of 200-.um-diam capacitors. Oxide thicknesses were determined by ellipsometry and checked by comparison to the accumulation capacitance.
We studied two different oxide growth processes, plasma anodization and sputter deposition, Sputter deposition is enhanced by increasing the amount of argon in the plasma, increasing the rfpower density, and decreasing the pressure. Anodization is enhanced by operating the piasma with more oxygen at lower power densities and higher pressures. Both sputter deposition and anodization increase with increased substrate bias voltage. The sputtering increases because the bias voltage perturbs the plasma potential so as to increase the potential drop from the plasma to the quartz covered electrode. Anodization is enhanced because more oxidizing species, O 2 ,are created by increased electron bombardment at the surface and more O 2 ions are pulled to the silicon surface by the field across the oxide. 6 We studied the electrical properties of oxides grown by just sputter deposition. by anodization, and combinations of the two processes.
Oxides which were sputter deposited using a pure argon plasma with high rf power densities had very large oxide charges and were too conductive to give good quasi static capacitance-voltage (C-V) measurements, When oxygen was added to the plasma the oxides improved dramatically. For instance, with the wafer biased so as to yield a zero net current through the wafer (no anodization), a value of Qox = 5X lOll charges/cm2 (Vflatband = 1.4 V) andE B = 7 MV /cm were obtained for a SiO z fUm slowly sputter deposited at 40 mTorr in a 2: 1 argon to oxygen mixture at a deposition rate of6.7 A/min.
Application of a negative bias current from the plasma to the wafer further improves the oxide film as the anodization process becomes progressively more significant. The ef-fect of the bias current is threefold: to enhance the growth rate of the Si0 2 film due to the anodic oxygen component of the bias current, to promote the stoichiometry of the deDosited oxide material, and, perhaps most important, to 'more properly oxidize the Si-Si0 2 interface. We found that achieving the optimum bias current density was key to obtaining the best oxide results for a given plasma. This is illustrated in Fig. 1 where we show C-V curves and the resulting D" curves for oxides grown at two different bias current densities J b • If J b is too low, too few oxidizing species will be pulled to and through the oxide to heal the sputtered species and oxidize the interface properly. Note in the figure that while the oxide charge decreases with increasing J b , the strongest effect is in Dss where nearly an order of magnitude reduction is achieved with about a factor of two increase in JI> ' We. find that once a sufficiently high bias current density is reached the results are less sensitively dependent upon the precise choice of JI! until the accompanying bias potential between the wafer and ground becomes high enough as to firstly perturb the plasma potential relative to ground, which leads to increased sputtering and stronger negative ion bombardment of the oxide, and secondly result in too high an oxide field during growth. The result is then lower quality oxide.
Just as it is necessary for J b to be at a sufficiently high, but not too high, level for best results, we also find that the oxygen composition of the plasma is critical. In Fig. 2 results for two different plasmas are shown, one with an Ar:04 ratio of 4: 1 and the other with a ratio of 1: 1. As the figure ;hows the plasma with more oxygen gives a higher quality oxide. This is again because of the better stoichiometry and more properly oxidized interface resulting from more oxidizing species being present during growth. Oxides grown in pure O 2 plasmas are not, however, better than those grown with some argon in the plasma. OUf results indicate that this is because the pure O 2 plasma has a lower electron. density and hence a higher plasma potential, due to a lower ionization cross section, which then requires a higher bias voltage to provide the optimum anodization current density. Again, • Under these presently optimal conditions we have found Dss < 2X 1011 states/cm 2 /eVat midgap, Qox < 1 X lOll charges/cm 2 , and EB > 13 MV lem.
These oxides were grown at 475°C. If we again examine Figs. 1 and 2 , we see that a notable difference between the curves is the reduction of the peak in the interface state densities found at about 0.3 eV above the valence band. This structure is due to fast interface states.
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The location of the peak, about 0.3 eV above the valence band, identifies these fast states as unbounded silicon orbitals.
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• R It is known that oxygen vacancies near or at the interface leave dangling silicon bonds which act as acceptorlike electron traps.
8 This identification is supported by the fact that an increase in the amount of oxidizing species reaching the interface (via increased J b ) or an increase in the amount of oxygen in the plasma decreases the density of these fast states. We could not, however, reduce this peak in Dss significantly below that shown in Fig. 2 by further increasing the oxygen content of the plasma or by increasing J b • Apparently the silicon at the interface is not oxidizing completely for a reason that goes beyond a deficiency in the oxidizing species.
We attempted to remove, or at least further reduce, the unbound orbitals with a low-temperature rapid thermal anneal (RTA). We annealed the oxides in argon at 800---850 °C for 15-30. The results of such an anneal are shown in Fig. 3 . Apparently the RT A acts to further the oxidation reaction at the interface and almost completely eliminates the peak in "[Jj Dss. Our tentative conclusion is that stress at the interface prevents the complete low-temperature oxidation of the silicon interface and that the addition of an adequate amount of thermal energy serves to relieve this stress and allow the further completion of the reaction. In general, both Qox and Dss are reduced and E B is increased by RT A. After RT A we have measured Qm less than 5 X 1010 charges/cm2 and midgap interface state densities as low as 7 X 1010 states/cm 2 /
eV. An interesting observation is that the RTA generally reduces the minimum in D," to within about a factor of 2 of this value, and with a D.s curve similar to that of Fig. 3 , regardless of whether or not the initial oxide was optimally grown. We find, however, that the post RT A value of Qox is more dependent on its value prior to the R T A. The effect of the RTA on E B was relatively weak although it did generally act to increase the breakdown field. We note that neither extension of the R T A time nor increase in the R T A temperature was effective in further improving the oxide quality.
While the present results represent a considerable improvement over those of previously reported plasma anodization experiments, we expect to see still further improvements as we continue to develop the process using the improved understanding which we have now gained. One approach that should be examined would be the use of a magnetically supported plasma to enhance plasma density and perhaps anow faster growth rates. Finally, we note that the importance that we have found in maintenance of a proper substrate bias suggests that such a bias be considered when producing low-temperature oxides by other processes, such as plasma enhanced chemical vapor deposition. 3, 4 We would like to thank llrofessor J. P. Krusius, Dr. J. Nulman, and R. Soave for their advice and assistance. This work was supported by the Semiconductor Research Corporation, the National Science Foundation through the use of facilities at the National Research and Resource Facilities for Submicron Structures, and the facilities of the CorneH Materials Science Center.
